Abstract Bone formation in a variety of contexts depends on angiogenesis; however, there are few reports of the vascular response to osteogenic skeletal loading. We used the rat forelimb compression model to characterize vascular changes after fatigue loading. The right forelimbs of 72 adult rats were loaded cyclically in vivo to one of four displacement levels, to produce four discrete levels of ulnar damage. Rats were killed 3-14 days after loading, and their vasculature was perfused with silicone rubber. Transverse histological sections were cut along the ulnar diaphysis. We quantified vessel number, average vessel area, total vessel area, and bone area. On day 3, we observed a dramatic periosteal expansion near the ulnar midshaft, with significant increases in periosteal vascularity; total vessel area was increased 250-450% (P < 0.001). Vascularity remained elevated on days 7 and 14. Vessel number and average vessel area were not correlated (P = 0.09) and contributed independently to total vascular increases. Bone area was not increased on day 3 but on days 7 and 14 was increased significantly in all displacement groups (P < 0.01) due to periosteal woven bone formation. Vascular and bone changes depended on longitudinal location (P < 0.001), with peak increases 2 mm distal to the midshaft. Vascular and bone changes also depended on displacement level (P < 0.005), with greater increases at higher levels of fatigue displacement. We conclude that skeletal fatigue loading induces a rapid increase in periosteal vascularity, followed by an increase in bone area. The angiogenic-osteogenic response is spatially coordinated and scaled to the level of the mechanical stimulus.
Introduction
There is abundant evidence of a strong linkage between bone formation (osteogenesis) and the formation of new blood vessels (vasculogenesis or angiogenesis) [1] . For example, angiogenesis plays an important role during skeletal development [2] [3] [4] , fracture healing [5, 6] , distraction osteogenesis [7] [8] [9] [10] [11] , and cortical defect healing [12] .
Repetitive mechanical loading is a powerful stimulus for new bone formation [13, 14] . Despite the critical link between angiogenesis and bone formation noted above, there is little known about changes in vascularity following repetitive skeletal loading. Treadmill running in rats has been shown to stimulate increases in vascularity and trabecular bone density [15, 16] , and increased blood flow in bone has been reported following fatigue loading [17] . To our knowledge, these are the only reports describing quantitative vascular responses to skeletal loading.
One animal model that has been widely utilized to examine skeletal responses to loading is compression of the rat forelimb [18] . While most studies of rat forelimb com-pression have focused on induction of lamellar bone formation in response to ''mild overload'' conditions, we and others have observed a rapid woven bone response after damaging fatigue loading [19, 20] . Recently, skeletal responses to fatigue loading have been detected by imaging 18 F-fluoride uptake using positron emission tomography [21] , and we reported that fluoride uptake was increased in a dose-response manner with increasing levels of fatigue displacement [22] . Because fluoride uptake is influenced by any factor that increases blood flow or exposed mineral surface [23, 24] , we concluded that the fluoride uptake observed~1 week after loading reflected a combination of increased vascularity and new bone formation [22] . Qualitative histological observations supported this conclusion, but we did not quantify the changes in vascularity and osteogenesis separately.
Compression of the rat forelimb causes bending of the curved ulna, leading to gradients in mechanical strain [18, [25] [26] [27] . In the central region of the ulna, the strain magnitude within the cross section is greatest on the medial (compressive) periosteal surface; longitudinally, the strain magnitude is greatest 1-3 mm distal to the midpoint [27, 28] . The cross-sectional and longitudinal strain distributions correspond well to the pattern of bone formation observed following loading; peak measures of osteogenesis occur on the medial periosteal surface, 1-3 mm distal to the midpoint [25, [27] [28] [29] . The strain distribution also correlates with the pattern of crack formation observed after damaging fatigue loading, where cracks are consistently observed on the medial half of the cross section and are centered~1 mm distal to the midpoint [20, 30, 31] . Because of the documented spatial patterns of ulnar bone formation and damage following rat forelimb loading, we asked if a similar pattern of angiogenesis occurs after loading.
Our objective was to use the rat forelimb compression model to characterize the vascular changes that occur in response to fatigue loading. Using an established protocol [31] , we assessed qualitative and quantitative changes in periosteal vascularity. We hypothesized that (1) fatigue loading stimulates increases in periosteal vasculature, (2) fatigue-induced increases in ulnar vascularity occur in a spatially similar pattern as increases in bone formation, and (3) the magnitude of the vascular changes depends on the level of applied fatigue displacement.
Materials and Methods

Experimental Design
A total of 72 male Fischer/NHsd rats (4.5-5.5 months old, 339 ± 25 g; Harlan, Indianapolis, IN) were used. Rats were assigned randomly to one of four loading groups according to the level of imposed fatigue displacement: 30%, 45%, 65%, or 85% of the average displacement to fracture (2 mm). We have shown previously that these displacement levels correspond to four discrete levels of ulnar damage, with reductions in whole-bone strength at time zero of 10%, 20%, 40%, and 60%, respectively [31] . Left forelimbs were not loaded and were used as controls. Rats were killed 3, 7, or 14 days after loading. Thus, we had 12 experimental groups with six rats per group. All procedures were approved by our institutional Animal Studies Committee.
In Vivo Mechanical Loading
The loading protocol was modified from the method of Bentolila et al. [32] and has been described in detail recently [31] . Briefly, the animals were anesthetized with 1-3% isofluorane gas. Right forelimbs were positioned in a loading fixture connected to a servohydraulic materials testing machine (1331/8500R; Instron, Norwood, MA), and a 0.3 N compressive preload was applied. The forelimbs were then cyclically loaded using a 2 Hz haversine waveform to a peak compressive force of 0.055 N/g body weight (average 18.6 N) until the actuator reached the prescribed increase in axial displacement (0.6, 0.9, 1.3, or 1.7 mm). The average number of loading cycles ranged from 1,650 to 5,287 (Table 1) . After loading, the animals received an intramuscular injection of an analgesic (0.05 mg/kg buprenorphine). They were returned to their cages and allowed unrestricted activity and ad libitum access to water and chow.
Vascular Perfusion
At 3, 7, or 14 days after loading, the rats were anesthetized by intraperitoneal injection of ketamine (87 mg/kg) and xylazine (13 mg/kg). Through a longitudinal incision at the center of the chest, the left ribs were severed from the sternum to expose the heart. An 18-gauge plastic catheter was inserted into the left ventricle and held in place with sutures; all injections were via the catheter. Heparin (10 mL, 100 USP units/mL) and lidocaine (5 mL, 2%) were injected to inhibit clotting and promote vasodilation, respectively. The rats were then killed by exsanguination through a small incision at the right atrium. The vasculature was irrigated with 100 mL saline; drainage was via the right atrium. A silicone rubber solution (100 mL, MI-CROFIL Ò , MV-122; Flow Tech, Carver, MA) was injected until sufficient perfusion was confirmed visually by color change (yellow) at the ends of the digits and leakage of the liquid rubber from an incision made at the volar surface of the forepaw. Following injection, the specimens were store at 4°C overnight to allow the rubber to cure.
Histological Processing and Analysis
The attached ulna and radius were dissected along with a small amount of the muscle tissue to preserve the periosteal layer. Specimens were fixed with 10% formalin for 48 hours and decalcified in 14% ethylenediaminetetraacetic acid (EDTA) for 3 weeks. The central portion of each forelimb was then sectioned transversely into 2 mm blocks, and the blocks were embedded in paraffin. Thin (5 lm) sections were cut from the face of each block and mounted on glass slides. Thus, sections were obtained at five sites along the length of each ulna (Fig. 1 ). Slides were either left unstained, stained with toluidine blue, or stained with hematoxylin and eosin (H&E). Toluidine blue-and H&E-stained sections were examined by a pathologist (D. V. N.) for qualitative assessment of the tissue response to loading.
For quantitative analysis, a complete set of unstained and toluidine blue-stained sections was viewed under a light microscope (BX-51; Olympus, Tokyo, Japan) at ·10 objective and digital images were captured (1,360 · 1,024 pixels, 1.25 lm/pixel; Olympus DP-30). From these, composite images of the complete ulnar section were constructed (Adobe Photoshop; Adobe, Mountain View, CA). Unstained images were used for quantitative assessment of blood vessels by a single operator (H. M.). The surrounding muscle tissue was digitally erased so that only the bone and surrounding periosteum were analyzed. Using image analysis software (Image J; NIH, Bethesda, MD), a binary image was created using a threshold value midway between background (white) and perfused vessels (black). The number and size of all black objects (perfused vessels) greater than 10 pixels in size were determined using the particle analysis function of Image J. From these data we determined vessel number (V.N), average vessel area (V.Ar.Avg), and total vessel area (V.Ar.Tot). The repeatability of the method was assessed by analyzing 10 sections three times each and computing the average value of the range of the three repeats. Expressed as a percent of the mean value, the repeatability was 7.5%, 5.4%, and 10.2% for V.N, V.Ar.Avg, and V.Ar.Tot, respectively. Toluidine blue-stained images were used for quantitative assessment of bone area by a single operator (J. A. L.) (ImageJ).
Data Analysis
Repeated measures analysis of variance (ANOVA) was used to assess the effects of longitudinal location (repeated factor; P4, P2, M, D2, D4), fatigue displacement level (30%, 45%, 65%, 85%), and time (3, 7, 14 days) on vascular and bone outcomes. Two-way ANOVA with Fisher's protected least significant differences post hoc test was used to assess the effects of displacement level and time for individual locations. Significance was defined as P < 0.05. Simple and stepwise linear regression were used to investigate correlations between bone and vessel parameters. For control data, we computed mean values at each longitudinal location from 11 nonloaded, left specimens ( Table 2) . Analysis of these controls indicated a significant effect of location on average vessel area, total vessel area, and bone area (P < 0.001). Interestingly, total vessel area and bone area were inversely related in these control samples: total vessel area increased by 90% from proximal to distal, Fig. 1 Photomicrographs of transverse histological sections from a control ulna at five sites along the ulnar length. Perfused vessels were easily visualized as opaque areas within the thin periosteal layer, as well as within bone and muscle (stained with toluidine blue, scale bar = 500 lm). P4, 4 mm proximal to the midpoint; P2, 2 mm proximal to the midpoint; M, midpoint; D2, 2 mm distal to the midpoint; D4, 4 mm distal to the midpoint whereas bone area decreased by 23%. To account for these normal anatomical gradients, for each section from a loaded bone we computed the percent change in loaded vs. control (100 * [Loaded -Control]/Control), using the mean value from the control group at the corresponding longitudinal location; results are reported in terms of these relative values.
Results
Fatigue loading stimulated dramatic increases in periosteal vascularity and bone area (Fig. 2) . Three days after loading, there was an expansion of the subperiosteal layer at all displacement levels, with numerous plump, cuboidal cells between the vessels (Fig. 2a,b) . There was minimal deposition of new bone matrix to the outside of the original bone surface at this time. In samples from the lower displacement groups, the periosteum itself was also expanded and contained numerous vessels, of both small and large diameter, with no evidence of inflammatory infiltrate. In samples from the higher displacement groups, there was a large expansion of the periosteum, which contained blood vessels and fibroblasts, as well as inflammatory cells (neutrophils, mononuclear cells). By 7 days after loading, specimens from all displacement levels showed a large increase in bone matrix (Fig. 2c,d ). This new woven bone, unlike the preexisting lamellar bone, contained many spaces with small blood vessels and osteoblasts. Also at 7 days, the periosteum continued to be highly vascular but the inflammatory infiltrate seen in high displacement groups at day 3 had largely resolved, and the periosteum was relatively thin in all displacement groups. At day 14, the new bone retained its vascularity, with many spaces that were lined with osteoblasts and contained small vessels (Fig. 2e,f) .
Histological observations of increased vascularity were supported by quantitative analysis. Vessel number and total vessel area were significantly greater in loaded vs. control ulnae at each time point in all four displacement groups (P < 0.05). Average vessel area was likewise increased in all experimental groups, with the exception of the lowest displacement group (30%) on day 14. Bone area was not significantly increased at day 3 in any of the displacement groups but was increased at days 7 and 14. Thus, the increase in vascularity preceded the increase in bone size.
Increases in vessel number, average vessel area, total vessel area, and bone area varied significantly with longitudinal location (P < 0.001, Fig. 3 ). The distribution of new vessels and new bone was consistent across time and displacement groups, with the greatest changes observed 2 mm distal to the midpoint (section D2) and the least changes 4 mm proximal to the midpoint (P4). Within the cross section, we consistently observed the greatest vascular and bony changes on the medial aspect of the ulna.
Vascular changes depended significantly on the level of applied fatigue displacement (P < 0.005 for all parameters), with a general finding of greater increases in vascularity with increasing displacement. We focused on changes at the site of maximal response (section D2). On day 3, vessel number and total vessel area in loaded ulnae at D2 did not differ significantly between displacement levels, whereas the average vessel area was greater in the 65% and 85% groups compared to the 30% displacement group (Fig. 4) . In contrast, on days 7 and 14, vessel number and total vessel area were greater in the 65% and 85% groups compared to the 30% group, whereas average vessel area was not different between displacement groups. At days 7 and 14, bone area in loaded ulnae was also increased significantly with increasing fatigue displacement.
Vascular changes in loaded ulnae also depended on time, although not in a consistent manner for all parameters. At section D2, based on two-way ANOVA (which accounts for the four displacement groups), vessel number increased from 3 to 7 days (P = 0.004) but did not change from 7 to 14 days (P = 0.15). Average vessel area was greatest on day 3 and decreased from 3 to 7 days (P < 0.001), with no changes between 7 and 14 days (P = 0.97). Total vessel area was increased at all time points but did not depend on time (P = 0.39). Thus, the increase in vessel number after day 3 was offset by a decrease in average vessel area, resulting in no significant change in total vessel area. Bone area increased from 3 to 7 P4, 4 mm proximal to the midpoint; P2, 2 mm proximal to the midpoint; M, midpoint; D2, 2 mm distal to the midpoint; D4, 4 mm distal to the midpoint; SD, standard deviation a-e Locations with different letters are significantly different, P < 0.05 days (P < 0.001) but did not change from 7 to 14 days (P = 0.74).
Stepwise linear regression analysis indicated that changes in vessel number and average vessel area both contributed to changes in total vessel area. Total vessel area was strongly correlated with vessel number (r 2 = 0.75, P < 0.001), and the addition of average vessel area to the regression model significantly improved the correlation (r 2 = 0.95, P < 0.001). Consistent with this finding, vessel number and average vessel area were not significantly correlated with each other (P = 0.09). Overall, correlations between bone area and vessel parameters were modest at best (vessel number r 2 = 0.39, P < 0.001; average vessel area P = 0.53; total vessel area r 2 = 0.22, P < 0.001). We attribute this to the temporal differences between the vascular and bony changes. Fig. 2 Photomicrographs of transverse histological sections from six loaded (right) and one control (left) ulnae taken 2 mm distal to the midpoint (D2) (orientation same as in Fig. 1). (a-f) Low-power images of representative samples from the lowest (30%) and highest (85%) displacement groups 3, 7, and 14 days after fatigue loading (x10 objective, scale bar = 200 lm). (g-i) Higher-power images of ulnae on day 3 (x40 objective, scale bar = 50 lm). Loading caused a dramatic expansion of the periosteal and subperiosteal tissue layers by day 3 for all displacement groups, with greater expansion observed in the higher displacement groups; note that the muscle (M) has been displaced away from the bone (B) in the loaded ulnae compared to control. The number and size of periosteal vessels were greatly increased in loaded ulnae. On day 3, a clear demarcation is seen at higher power (h, i) between the subperiosteal layer (tissue between the original bone and the periosteal margin [P] ) and the periosteal layer (which we define as the tissue between the periosteal margin and the muscle). The subperiosteal layer is filled with numerous plump cuboidal cells surrounding the blood vessels, and small buds of newly formed bone (pink) are seen; the periosteal layer has a looser, fibrovascular appearance. By day 7, the subperiosteal layer has transformed to woven bone and the periosteal layer is reduced in size. Isolated regions of chondroid bone (d, *) were observed in the 85% displacement group at this time point. By day 14, the woven bone layer has consolidated and the periosteal layer is further reduced. On days 7 and 14, the major site of new vessels is in channels in the woven bone, whereas at day 3 the new vessels are not yet enveloped in bone (stained with H&E)
Discussion
Our objective was to characterize the vascular changes that occur in response to fatigue loading of the rat forelimb. In support of our first hypothesis, we observed dramatic increases in periosteal vascularity in the central region of the ulna 3-14 days after loading. Highly significant increases in vessel size and number were observed on day 3, whereas significant increases in bone area were not detected until 7 days after loading. Significant vascular increases compared to control were observed along the entire 8 mm region of interest, although the increases were consistently greatest on the medial surface at the cross section located 2 mm distal to the ulnar midpoint. This finding supports our With the exception of bone area at P4, significant increases were observed over the entire 8 mm region of the central ulna (P4 to D4). Vessel number, total vessel area, and bone area each increased in a similar pattern, with peaks occurring at section D2. Average vessel area increased in a slightly different pattern, with a broad peak from P2 to D2 (Section locations defined in Fig. 1.) . *Loaded different from Control (p < 0.05) a-e: Locations with different letters are significantly different (p < 0.05) Fig. 4 Increases in vessel parameters and bone area depended significantly on fatigue displacement. Values are mean (± standard deviation) percent increases in the loaded ulnae vs. the control group at section D2. Note the large magnitude of the vascular and osseous response, with mean peak increases of approximately 275% in vessel number, 110% in average vessel area, 500% in total vessel area, and 100% in bone area.
a Different from 30% group at same time (P < 0.05), b different from 45% group at same time (P < 0.05), c different from 65% group at same time (P < 0.05) second hypothesis that fatigue-induced increases in ulnar vascularity occur in a spatially similar pattern to increases in bone formation. In support of our third hypothesis, we observed that increases in vascularity were generally greater in ulnae that were subjected to greater levels of applied fatigue displacement.
The angiogenic response to dynamic skeletal loading has not been well characterized. Yao et al. [16] used a treadmill running model in growing rats and demonstrated increased vessel number in the trabecular bone of the proximal tibia as an early (2 week) adaptation to loading that preceded increases in bone volume. Both the increases in vessel number and trabecular bone volume were blocked by delivery of an antibody to vascular endothelial growth factor. That study appears to be the first one showing that angiogenesis is critical to exercise-induced osteogenesis. Recently, Muir et al. [17] used a similar loading method as we used and reported increased bone blood flow in the first 5 days following fatigue loading. Our study indicates that these changes in blood flow after fatigue loading are associated with increased periosteal vascularity and extends the results of the previous studies by quantifying the temporospatial changes in vascularity following loading to several levels of fatigue displacement.
Our data indicate that there were two independent changes that contributed to increased vascularity after fatigue loading: increased vessel size and number. At day 3, increases in average vessel area and in the number of vessels contributed approximately equally to the increase in total vessel area. At 7 and 14 days, the increases in total vessel area were due mostly to increased vessel number. Interestingly, as the average vessel size decreased from 3 to 7 days, vessel number increased and there was no net change in total vessel area.
The rat forelimb loading model is useful for examining the spatial relationships between angiogenesis and osteogenesis because a characteristic gradient of bone formation is observed both within the cross section and along the length [25, [27] [28] [29] . Our results clearly indicate that the localized pattern of loading-induced bone formation corresponds to an identical pattern of increased vascularity (Fig. 3) . The spatial pattern of vascular increase is established by day 3, prior to the accrual of significant woven bone. It has been noted that the vasculature provides a spatial template for bone formation in the developing skeleton [1, 2] and in distraction osteogenesis [7, 8, 10, 33] . We did not determine if individual vessels served as the templates for local bone formation after fatigue loading, although each marrow-like space within the woven bone contained at least one blood vessel and the ''endosteal'' surface of these spaces were lined with osteoblasts. Thus, our overall quantitative findings and our localized observations are consistent with the notion that the vessels provide a template for woven bone formation that occurs in response to fatigue loading.
Further evidence of the tight association between angiogenesis and osteogenesis in our loading model is that changes in both vascularity and bone size depended on the level of applied fatigue displacement. This finding is consistent with our recent report of a displacement-dependent increase in fluoride uptake within hours after fatigue loading in the same loading model [22] . We now attribute the elevated fluoride uptake in the first 4 days to increased blood flow, due in part to increased vascularity, a conclusion consistent with the findings of Muir et al. [17] . However, we do not know what the mechanical stimulus is for the displacement-dependent response we observed. Our fatigue loading protocol produces bone damage as well as dynamic strains that increase as a function of applied fatigue displacement [31] . Additional studies are needed to determine the relative contributions of these factors to the combined angiogenic-osteogenic response.
The process of bone formation we observed is largely independent of cartilage formation and thus bears some similarity to what occurs in distraction osteogenesis. Bone formation during distraction osteogenesis is predominantly intramembranous, with fibrous tissue being replaced directly by bone [8] [9] [10] 33] . Histologically, bone formation in distraction osteogenesis proceeds as mesenchymal fibroblasts in the gap proliferate and deposit a collagen fiber matrix that is invaded by vascular channels; these vessels in turn appear to provide the appropriate local environment for osteoblastic differentiation and bone formation [7, 10, 34] . Our histological observations support a similar sequence of events in the formation of periosteal bone after fatigue loading, although without the deposition of a provisional fibrous matrix. A quantitative angiogenesisosteogenesis link in distraction osteogenesis is suggested by reports that the rate of distraction (1 mm/day) that leads to the maximum angiogenic response [9] also leads to the optimal bone formation response [35] . These findings taken together with our results support the concept that the magnitude of the angiogenic response is regulated by the same factors that regulate the magnitude of the osteogenic response, i.e., that the formation of blood vessels and new bone represents a coordinated effort driven by the requirement for a certain amount of bone formation in response to a mechanical stimulus. Alternatively, the magnitude of the angiogenic response may control the magnitude of the osteogenic response. Additional experiments using angiogenic inhibitors will be required to better determine the cause-effect relationship between angiogenesis and osteogenesis after mechanical loading.
In some samples from the highest displacement group (85%), we observed isolated regions of cartilage-appearing cells and tissue on day 7 (Fig. 2d) . Interestingly, in this displacement group, the vessel number and total vessel area on day 3 tended to be less than in some of the lower displacement groups (Fig. 4) , suggesting that the process of angiogenesis in the highest damage group was delayed compared to groups with lesser damage. The presence of chondral tissue is consistent with such a delay as there may have been regions within the subperiosteal layer that were not adequately vascularized to support bone formation. These regions may be examples of ''chondroid bone formation,'' a process that is neither purely intramembranous nor endochondral [36, 37] . Nonetheless, these regions were few, and the overwhelming histological appearance is consistent with a process of nonendochondral bone formation.
One limitation of our method is that the perfusion medium (silicone rubber) was not present in all vessels that were observed on histological sections, and in some vessels where media was present it was smaller in size than the vessel dimensions. We did not determine if the absence of medium represented incomplete perfusion or whether the medium was displaced from the vessels during processing. Regardless, it is likely that we underestimated the actual number of vessels and their area. Importantly, these artifacts were noted in samples from each of the experimental groups and did not appear related to vessel size as there were many fine vessels in the muscle layer that were fully perfused. Because all specimens were subjected to the same processing, we assume that the underestimation of vessels affected all groups equally and that the relative differences between groups are valid. During preliminary studies, we evaluated the use of micro-computed tomography as an alternative to histology for visualizing and quantifying vascularity, as described by others [38] . Using a desktop micro-computed tomographic scanner (lCT 40; Scanco, Bassersdorf, Switzerland) at 16 lm resolution, we were able to resolve large-caliber vessels and a general pattern of increased vascularity in loaded ulnae but could not adequately resolve individual vessels on the order of <30 lm, which were the majority of the periosteal vessels of interest in this experiment.
In summary, we have quantified for the first time the temporospatial pattern of vascular changes following bone fatigue loading. Significant increases in vessel size and number occurred in the periosteum of loaded ulnae by day 3, prior to significant increases in bone area. Spatially, the pattern of increased vascularity matched the pattern of bone formation; the greatest vascular and bony responses were observed on the medial surface, 2 mm distal to the midshaft. Increases in vascularity were generally greater in ulnae that were subjected to higher levels of fatigue displacement. We conclude that skeletal fatigue loading induces a rapid increase in periosteal vascularity, followed by an increase in bone area. The angiogenic-osteogenic response is spatially coordinated and scaled to the level of the mechanical stimulus.
